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I.  INTRODUCTION 


Cotton-phenolic  material  is  used  in  die  ball  retainers,  also  called  cages,  of  many  ball  bearings.  The 
material  can  absorb  lubricating  oil;  in  fact,  oil  is  impregnated  into  the  retainers  in  the  hopes  diat  the 
retainer  will  function  as  an  oil  reservoir  (i.e.,  a  resui^ly  system).  Oil  is  absorbed  into  the  material 
quickly  at  first,  and  then  more  slowly  for  long  periods  of  time.  In  engii^ering  practice,  the  initial 
filling  is  accon^lished  at  least  in  part  by  vacuum-impregnating  the  retainer  in  warm  oil.  In  diis  pro¬ 
cess,  the  retainer  is  held  above  a  container  of  warm  oil  in  a  chamber  that  is  then  evacuated.  The 
retainer  is  immersed  into  the  oil  and  allowed  to  soak  for  a  period  of  time,  varying  from  a  few  hours  to 
a  few  days.  The  long-term  absorption  of  oil  has  never  been  discussed.  If  ball  retains  continue  to 
absorb  oil  during  storage  and  use,  they  could  be  a  sink  for  lubricant  instead  of  a  source.^  This  would 
have  a  deleterious  effect  on  the  operation  of  lightly  lubricated  ball  bearings  with  no  oil-replenishment 
scheme,  such  as  those  found  in  many  spacecraft. 

The  mechanism  of  oil  absorption  into  cotton-phenolic  material  has  never  been  detennined.  In  the  work 
reported  here,  we  have  varied  the  properties  of  tl^  cotton-phenolic  materials  and  the  absorbing  fluids, 
obsoved  the  kinetics  of  the  oil-absorption  process,  and  developed  a  model  that  describes  the  experi¬ 
mental  ^ara  very  well.  Retainer-grade  cotton-phenolic  material  was  used  in  the  experiments;  actual 
machined  retainers  were  also  studied  in  concurrent  experiments,  but  the  results  of  those  experiments  are 
not  repeated  here.  The  mechanism  of  oil  absorption  is  the  same  for  pieces  of  material  artd  retainers,  but 
the  data  analysis  is  much  less  complicated  for  the  pieces  due  to  their  simple  shapes  (see  below). 

The  model  we  have  developed  to  describe  oil  absorption  into  cotton-phenolic  material  is  based  on  the 
anisotropic  and  composite  nature  of  the  material.  Cotton-phenolic  material  is  manufactured  as  tubes 
by  winding  cotton  cloth  impregnated  with  resin  i^ecursors  on  a  mandrel,  followed  by  curing  at  ele¬ 
vated  temperatures.  The  rates  and  quantities  of  oil  absorbed  are  dqiendent  on  the  qiecific  location 
within  a  tube  and  material  handling  [procedures.  The  material  is  a  composite  (resin  plus  cloth)  and 
structurally  anisotropic  (due  to  the  thread  directions).  Tlie  experiments  described  below  show  that  oil 
is  absorbed  into  the  material  by  a  two-step  mechanism;  first,  oil  is  absorbed  by  capillary  action  into 
voids  associated  with  the  fibers  within  the  cotton  threads;  then  a  slow  diffusion  of  oil  into  the  bulk 
[Aenolic  resin  takes  place. 
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II.  EXPERIMENTAL 


A.  COTTON-PHENOLIC  MATERIALS 

Two  different  cotton-f^nolic  materials  were  used  in  the  experiments;  they  were  manufactured  with 
cotton  cloths  of  different  weaves.  Westinghouse  97,  {^oduced  by  Westinghouse  Electric  Corp.,  is 
made  with  a  4-oz/yd  cloth  (26  x  26  to  3S  x  3S  thread  matrix  on  1  cm^  of  cloth).  Spaulding  FBEFW, 
ix'oduced  by  the  Spaulding  Conqx)sites  Company,  is  made  with  a  3-oz/yd  cioth  (sfjproximately  35  x 
40  matrix  on  1  cm^  of  cloth).  The  weight  of  the  cloth  in  the  Spaulding  FBEFW  is  less  than  diat  in 
Westinghouse  97  because  even  though  there  are  more  threads,  each  thread  is  finer.  The  threads  are 
bundles  of  about  100  cotton  fibers  twisted  together.  Each  fiber  has  an  oval  cross  section,  about  S  x  25 
pm,  and  the  spaces  between  the  fibers  in  a  thread  are  comparable  in  size  to  the  fibers  themselves,  with 
a  typical  linear  dimension  of  0  to  50  pm.  The  fibers  and  any  spaces  surrounding  them  that  are  not 
filled  by  cured  resin  have  been  thou^t  of  traditionally  as  "wicks"  that  draw  oil  into  the  matoial. 

The  materials  were  received  as  cylindrical  sections  as  shown  in  Bg.  1.  The  warp  fiireads  of  the  cloth 
lie  parallel  to  the  axis  of  the  cylindo",  the  weft  threads  are  wound  around  the  cylinder.  Figure  2  shows 


'  A  ' 
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SPAULDING  FBEFW 

di  =  3.810  cm 
d2  =  5.032  cm 
h  =  1.615  cm 
w  =  0.611  cm 
(Ci  and  C2  are  variable) 


WESTINGHOUSE  97 

di  =  3.368  cm 
da  =  5.390  cm 
h  =  1.219  cm 
w  =  1.011  cm 
(ci  and  C2  are  variable) 


RETAINER  MATERIAL  WHOLE  AND  SECTION 


Bgure  1 .  Cotton-phenolic  ball-bearing  retainer  material,  as  received  and  sectioned. 
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Figure  2.  Pbotomicrographs  of  the  cotton-phenolic  materials,  cross-sectioned  to 
view  the  surface  bounded  by  h  and  w  in  Fig.  1.  (a)  Wesiinghouse  97:  50X  and 
lOOX;  (b)  Spaulding  FBEFW:  SOX  and  lOOX. 


photomicrogr^hs  of  the  two  materials.  ITie  surface  photographed  is  that  bounded  by  h  and  w  in  Fig. 
1 .  The  warp  threads  are  seen  as  wavy  lines  across  the  photomicrographs;  the  weft  threads  are  viewed 
end-on.  The  densities  were  determined  by  weighing  the  tubes  as  received  and  dividing  the  weight  by 
the  tube  volume.  The  densities  are  1.251  g/cm^  fc'  Westinghouse  97  and  1.238  g/cm^  for  Spaulding 
FBEFW.  The  density  of  the  composite  is  affected  by  the  weave  and  density  of  the  cotton  cloth  and 
also  by  the  cure  of  the  resin.  Some  low-density  resins  contain  many  bubbles  that  developed  during 
cure.  These  bubbles  are  possible  sites  for  oil  storage.  Many  bubbles  can  be  obser\’ed  in  the 
photomicrographs  of  the  Spaulding  material,  while  only  a  few  can  be  seen  in  the  Westinghouse 
material.  The  surfaces  displayed  in  these  photomicrographs  were  selected  at  random  and  are  not 
necessarily  typical  of  the  entire  sample  as  regards  bubble  distribution.  However,  more  bubbles  could 
be  a  contributing  factor  in  the  lower  density  of  the  Spaulding  material.  When  converting  sample 
weights  to  volumes,  the  weights  measured  before  sample  cleaning  and  drying  were  used,  since  this 
was  the  state  of  the  phenolic  tubes  when  the  densities  were  determined. 
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B.  LUBRICATIK  jOILS 

Four  oils  were  used  in  these  experiments.  They  and  their  selected  properties  are  listed  in  Table  1 . 
COTay  100  is  a  petroleum-based,  naphthenic  oil  produced  by  Exxon.  Nye  176H  is  a  synthetic  hydro¬ 
carbon  (poly-a-olefin)  fluid  formulated  by  William  F.  Nye,  Inc.  Pennzane  SHF  X2000  is  a  multiply 
alkylated  cyclopentane  synthetic  hydrocarbon  produced  by  Peimzoil  Products  Co.  Krytox  143AB  is  a 
perfluoropolyalkylether  produced  by  E.  I.  Du  ^nt  de  Nemours  &  Co.,  Inc.  The  solvent  used  for 
cleaning  the  cotton-f^nolic  material,  and  as  the  absorbate  in  several  of  the  kinetic  experiments,  was 
HPLC-grade  heptane.  Those  propoties  of  hq)taire  relevant  to  the  expoiments  are  also  listed  in 
Table  1. 

C.  EXPERIMENTAL  PROCEDURE 

Small  sections  of  cotton-{dienolic  material  were  sawed  out  of  the  tubes  as  shown  in  Fig.  1,  weighed, 
Soxhlet-extracted  overnight  in  heptane,  baked  overnight  in  vacuum  at  1 10°C,  and  weighed  again 
quickly  in  the  presence  of  a  desiccant  Cotton-phenolic  material  absorbs  water  very  quickly,  and  as 
will  be  discussed  below,  water  absorption  interfo'es  with  oil  absorption. 

Most  of  the  samples  were  immersed  in  containers  of  oil  or  hqitane  immediately  after  weighing. 
Several  samples  were  exposed  to  laboratory  air  for  about  two  months  to  allow  equilibration  with  atmo¬ 
spheric  humidity  (this  length  of  time  was  determined  to  be  sufficient  by  other  experiments)  before 
being  placed  in  the  oil  baths.  The  oil-  or  heptane-filled  containers  were  kept  at  room  temperature  in 
ctesiccators  for  the  duration  of  the  experiment.  Periodically  the  samples  were  removed,  centrifuged  at 
680  G  to  remove  excess  oil,  weighed,  and  returned  to  their  baths.  The  experiments  were  continued 
until  some  of  the  samples  were  saturated  with  oil.  The  samples  from  the  heptane  bath  were  removed 
and  wrighed  quickly  without  centrifuging  to  avoid  excessive  eviration  of  the  volatile  absorbatc. 

Table  1.  Selected  Fluid  Properties  (25  *C) 


n  (poise) 

p  (g/cm^) 

Y  (dyne-cm) 

Coray  100 

3.67 

0.9176 

=20 

Nye  176H 

10.2 

0.85 

=20 

Krytox 

143AB 

3.78 

1.89 

18.5 

Pennzane 

SHF  X2000 

2.21 

0.85 

=20 

heptane 

0.00386 

0.684 

=20 

11 


m.  RESULTS 


The  results  of  some  of  the  experiments  are  shown  in  Figs.  3  through  5.  The  ordinate  is  the  actual 
weight  increase  in  the  samples  alter  baking.  The  different  symbols  correspond  to  different  test  sam¬ 
ples.  The  vertical  displacements  of  the  data  for  the  various  samples  in  any  one  figure  are  due  to  the 
fact  that  all  the  samples  have  slightly  different  sizes  and  weights  initially,  and  the  data  {Resented  in 
the  figures  are  not  normalized.  In  the  discussion  below,  the  data  will  be  broken  down  for  analysis, 
ai  d  appropriate  normalizations  will  be  chosen. 


Rgure  3.  Coiay  100  absorption  into  Westingbouse  97  cotton-phenolic.  The  dif¬ 
ferent  symbols  correspond  to  different  test  samples,  (a)  Unnonnalized  weight 
increase  vs.  time,  (b)  Unnormalized  weight  increase  vs.  square  root  of  time. 
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TIMEi'2^fnini'2 


Figure  4.  Coray  100  absoipdon  into  Spaukiing  FBEFW  cotton-phenolic; 
unnonnalized  weight  increase  vs.  square  root  of  time.  The  different  symbols 
correspond  to  difierent  test  samples. 


TIMEi/2.mini/2 


Figure  5.  H^tane  absorption  into  Westinghouse  97  cotton-phenolic;  uimormal 
ized  weight  increase  vs.  square  root  of  time. 
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Tile  absorption  of  oil  into  extracted  pieces  of  cotton-{^nolic  material  starts  quickly  and  dien  slows 
down.  Heptane  absorption  follows  the  same  trend  as  oU  absorption.  The  data  for  each  sample  can  be 
divided  into  two  or  three  sections  in  whidi  the  weight  increase  is  proportional  to  the  square  root  of 
time  spent  in  the  fluid  bath  (see  Fig.  3b  and  Fig.  4). 

Since  the  process  described  by  Region  3  is  very  slow  compared  to  those  of  Regions  1  and  2,  the 
weight  inaease  due  to  it  can  Ite  easily  removed  in  a  first  ^proximation.  The  intercq>t  of  the  line 
describing  Region  3  with  t  =  0  can  be  taken  as  the  amount  of  wdght  inaease  due  solely  to  the  pro¬ 
cesses  described  in  Regions  1  and  2,  and  the  slopes  of  the  lines  describing  these  regions  can  be  con¬ 
sidered  to  be  unaffected  by  the  process  described  in  Region  3. 
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IV.  MODEL  AND  DISCUSSION 


Our  model  of  the  absoiption  process  assumes  that  absorption  imxeeds  by  a  two-step  mechanism.  In 
the  first  step,  oil  is  wicked  up  into  c^illaries  within  die  yam.  This  process  saturates  and  stops  when 
the  ci^illaries  are  filled.  In  the  second  st^  (whidi  is  actually  concunent  with  the  first  but  so  much 
slower  that  it  can  be  treated  as  subsequent),  oil  difiuses  from  these  c^laries  as  well  as  through  the 
external  surface  of  die  samples  into  the  bulk  resin.  Hqitane  absorption  proceeds  by  die  same  mecha¬ 
nism.  (Water  absorption  is  not  addressed  by  this  work;  water  is  a  polar  molecule  and  may  absorb  via 
a  diffarent  mechanism.) 

A.  FIRST  STEP  —  CAPILLARY  RISE 

The  rate  of  fiuid  rise  in  a  cjqiillary  can  be  apix^oximated  by^ 


h(t)  = 


(1) 


where  h(t)  is  the  height  filled  at  a  time  t,  y  is  the  surface  tension  of  the  fluid,  r  is  the  radius  of  the 
capillary,  and  q  is  the  viscosity  of  the  fluid.  In  the  initial  calculations,  we  shall  assume  the  presence 
of  one  ct^iUary  per  thread,  and  will  discuss  the  extension  to  multiple  capillaries  later.  The  c^illaries 
in  adjacent  threads  are  assumed  to  be  unconnected.  In  our  experiments,  we  measure  the  weight  gain, 
which  is  a  frmction  of  the  height  and  the  cross-sectional  area  of  the  capillary  as  well  as  the  density  of 
the  fluid  (p).  The  weight  gain  as  a  function  of  time  per  capillary  is 


w(t)  =  Tcr^p^^l  .  (2) 

The  only  adjustable  parameter  in  this  equation  is  r,  which  must  be  on  the  ord^  of  pm  because  of  the 
structure  of  the  material,  as  discussed  above. 

1.  Capillary  Radius 

The  samples  used  in  these  experiments  were  all  of  the  same  general  shape  (Fig.  1),  but  of  different 
sizes.  Each  sample  has  warp  threads  (parallel  to  h  in  Fig.  1;  1.2-cm  long  for  Westinghouse  97,  and 
1.6-cm  long  for  Spaulding  raEFW)  and  weft  threads  (parallel  to  cj  and  C2  in  Fig.  1;  0.2  to  1.1  cm 
long).  The  weft  threads  were  severed  during  sample  {X'^aration.  Ihe  number  of  warp  threads  and 
weft  threads  for  each  sample  can  be  calculated  approximately  from  the  size  of  the  sanqile  and  the 
weave  of  the  cloth.  In  the  Westinghouse  97  samples,  there  are  1440  weft  threads  (2880  c^illary 
entrances)  and  from  ISO  to  580  warp  threads  (300  to  1 160  capillary  entrances).  In  the  Spaulding 
FBEFW  samples,  there  are  1950  weft  threads  (39(X)  capillary  entrances)  and  from  370  to  760  warp 
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threads  (740  to  1520  capillary  entrances).  These  numbers  are  known  to  vary  ±15%  because  of  the 
variability  in  the  cloth  weave  and  the  tension  used  to  wind  the  cloth  on  the  mandrel.  At  first,  all  the 
capillaries  will  be  filling,  and  oil  will  be  adsorbing  on  the  external  surfaces  (Region  1  in  Figs.  2-8), 
but  the  capillaries  in  the  weft  threads  will  saturate  first  because  they  are  shorter.  Thus,  the  capillary- 
fill  region  of  the  process  has  two  different  slopes  on  a  weight-gain-vs-t^^  plot:  an  initial,  higher 
slope  (Region  1,  warp  and  weft  filling,  surface  absorption)  followed  by  a  lower  slope  (Region  2,  final 
warp  filling).  The  geometry  of  actual  ball-bearing  retainers  is  very  complicated  and  not  amenable  to 
this  kind  of  simfde  analysis.  ITie  mechanism  of  oil  abscsption  is  not  easily  determined  using  retainers 
as  experimental  samples. 

The  slopes  for  oil  absorption  into  the  samples,  given  in  units  of  cm^  of  fluid  per  capillary  per  s*^^,  and 
the  calculated  r  values,  given  in  pm,  are  listed  in  Table  2.  The  values  calculated  from  the  data  of 
Region  1  are  not  as  accurate  as  those  calculated  fiom  the  data  of  Region  2  since  usually  there  are  very 
few  measurements  in  Region  1,  and  any  quick  absorption  on  the  external  surfaces  also  occurs  in 
Region  1 .  The  radii  calculated  from  the  Region  1  data  will  be  too  large,  but  are  included  for  com¬ 
pleteness.  The  experiments  using  heptane  as  the  absorbing  fluid  are  complicated  by  the  high  vapor 
pressure  of  h^tane  —  heptane  evaporates  as  the  samples  are  being  weighed.  Wei^ng  was  done  as 
quickly  as  possible  to  minimize  this  effect,  but  the  c^illary-fill  rates  reported  are  necessarily  lower 
than  the  true  capillary-fill  rates  by  the  amount  of  the  evaporation  rate.  Thus,  the  radius  calculated 
from  the  hqrtane  data  is  a  lower  limit 

The  average  value  of  the  capillary  radius  is  3.0  ±  0.5  pm.  The  agreement  between  all  of  the  r  values 
is  very  good,  and  r  is  of  the  general  size  expeaed  due  to  the  structure  of  the  material.  In  reality,  there 
is  probably  not  one  capillary  per  thread  in  the  material.  The  capillary  rise  rate  that  we  measure  is  the 
same  for  one  capillary  with  a  3.0-pm  radius  as  for  10  with  1.2-pm  radii.  Again,  the  1 .2-pm  radius  is 
also  reasonable,  based  on  the  structure  of  the  yam. 

2.  Capillary-Fill  Capacity 

The  amount  of  liquid  stored  in  this  first  capillary-fill  step  can  be  calculated  from  the  intercept  of  the 
Region  3  line  as  discussed  above.  It  has  often  been  said  that  oil  absorption  by  cotton-phenolic  mate- 


Table  2.  Capillary-Fill  Parameters 


Fluid 

Cotton - 
Phenolic 

Region  1  Slope 
(g/cap.  s^^)* 

r{pm) 

Region  2  Slope 
(g/cap.  s’^)* 

r(pm) 

Capillary  Fill  Capacity 
(%v/v) 

Coray  100 

West.  97 

9.1x10-3 

3.3 

5.2x10-3 

2.6 

1.6 

Sp.FBEFW 

6.3x10-3 

2.8 

7.0x10-3 

3.0 

2.8 

Nye  176H 

West.  97 

8.4x10-3 

4.0 

1.5x10*3 

3.0 

1.7 

Sp.FBEFW 

3.2x10-3 

2.7 

5.2x10*3 

3.2 

3.4 

Krytox 

143AB 

Sp.FBEFW 

1.6x10-8 

3.2 

1.4x10-8 

3.0 

2.9 

Pennzane 
SHF  X2000 

West.  97 

1.1x10-8 

3.2 

6.4x10*''° 

2.1 

1.8 

heptane 

West.  97 

8.9x10-3 

4.1 

6.0x1 0-''O 

2.0 

1.6 

Units  chosen  for  slopes  are  discussed  in  the  text. 
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rial  is  a  surface  process;  the  experiments  repotted  here  indicate  that  the  amount  of  oil  or  heptane 
stored  within  the  material  is  dependent  on  the  sample  volume,  not  the  surface  area.  In  Fig.  6a,  the 
volume  of  absorbate  contained  within  each  Westinghouse  97  sample  is  plotted  as  a  function  of  sample 
volume;  in  Hg.  6b,  the  volume  of  stored  absorbate  is  plotted  as  a  function  of  sample  surface  area. 


Figure  6.  Final  volume  of  liquid  absorbed  in  first  step  for  Westinghouse  97 
material,  (a)  as  a  function  of  sample  volume;  (b)  as  a  function  of  sample  exter¬ 
nal  surface  area. 
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Hie  lines  are  the  best  fit  of  the  data  (not  including  the  data  f(x  the  two  smallest  samples).  The  two 
smallest  samples  were  used  as  a  test  case.  It  is  clear  fiiat  the  data  for  the  two  smallest  samples  fits  the 
relationship  based  on  volume,  but  not  that  based  on  surface  area.  Thus,  the  amount  of  oil  stored 
depends  on  sample  volume.  The  rate  of  absorption  dqiends  on  the  number  of  capillaries  (which  is  a 
fimction  of  surface  area),  but  the  final  stored  volume  of  oil  depends  only  on  the  volume  of  the  cotton- 
phenolic  mat^al. 

The  capillary-fill  edacity  is  reported  as  %  (v/v)  in  Table  2.  The  diffo^ent  materials  have  different 
capillary-fill  edacities,  which  are  not  necessarily  correlated  with  the  weave  of  the  cloth.  (In  fact,  in 
the  oil  absorption  experiments  using  actual  retainers,  the  capillary  fill  capacity  is  definitely  not  corre¬ 
lated  with  weave.)  In  addition,  the  volume  available  for  oil  storage  within  the  =3-pm  radius  capillar¬ 
ies  is  too  small  to  account  for  the  total  amount  of  oil  absorbed  by  the  material  in  this  stq}. 

One  possible  explanation  for  this  behavior  is  that  the  capillary-fill  capacity  is  related  to  the  {dienolic 
resin  cure  state.  There  are  bubbles  within  the  cotton-frtienolic  material,  presumably  the  result  of  gas 
evolution  during  cure,  that  are  intersected  by  the  threads.  These  bubbles  could  be  the  major  storage 
volume  for  oil  within  the  material.  The  access  to  the  bubbles  is  regulated  by  the  capillaries  (the  rate 
at  which  the  bubbles  fill  is  controlled  by  the  threads),  but  the  volume  of  oil  that  can  be  absorbed  is 
related  to  the  cure  of  the  resin  (the  number  and  size  of  the  bubbles).  The  cure  is  probably  a  strong 
function  of  the  manufacturer  because  each  manufacturer  has  his  own  cure  recipe,  and  probably  varies 
from  lot  to  lot.  Thus,  the  Spaulding  material  could  have  a  different  cure  state  than  the  Westinghouse 
material.  Of  course,  this  is  a  very  speculative  hypothesis. 

3.  Effect  of  Moisture 

Figure  3  shows  the  absorption  data  for  Spaulding  FBEFW  filling  with  Coray  100.  The  samples  that 
were  dry  when  immersed  into  oil  show  much  more  oil  absorption  than  those  that  were  equilibrated 
with  air.  Water  vapor,  which  is  present  in  the  air,  has  absorbed  into  the  cotton-phenolic  material  and 
formed  a  barrier  to  oil  penetration.  This  illustrates  the  importance  of  complete  drying  of  ball-bearing 
retainers  before  oil  impregnation. 

B.  SECOND  STEP  — DIFFUSION 

The  second,  slow  step  of  the  oil  absorption  process  is  suggested  to  be  diffusion  of  the  oil  into  the  bulk 
phenolic  resin. 

The  solution  of  the  diffusion  equation  for  saturation  of  a  plane  sheet  is 


=  1--S_ 

Msat  7t2 


oe 

I 

m=0 


1 

(2m 1)2 


exp 


-D  (2m-t-  l2)7t2-t- 


(1) 


where  Mj  is  the  uptake  at  time  t,  is  the  saturation  uptake,  2f  is  the  thickness  of  the  sheet,  and  D  is 
the  diffusion  coefficient^  Over  a  limited  initial  period  of  time,  diffusion  processes  can  be  fit  to  a 
simple  absorption  amount  vs.  t^^  relationship. ^  The  diffusion  step  appears  as  the  linear  Region  3 
when  the  data  are  plotted  as  a  function  of  the  square  root  of  time  in  Figs.  3  through  S. 
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The  data  are  used  to  predict  the  saturation  weight  of  oil  in  a  paiticulai  ’ece  of  cotton-phenc  iic, 
and  this  weight  is  used  to  normalize  the  data  for  that  sample.  Equatioi.  '’)  is  then  fit  to  the  data,  using 
D/i'^  as  an  adjustable  parameter.  In  what  follows,  this  parameter  will  be  'ported  for  each  oil/cotton- 
phenolic  combination.  The  separation  of  D  and  £  will  be  addressed  in  mv  detail  below. 

1.  Diffusion-Fill  Capacity 

The  slow  diffusion  of  oil  into  cotton-phenolic  begins  to  saturate  noticeably  ai  '  about  1 1/2  years  of 
storage  in  room-tempa^ature  oil  baths.  The  data  for  Coray  100  absorption  into  'estinghouse  97  are 
plotted  in  Fig.  7.  There  are  four  samples  (each  sample  corresponds  to  a  specific  ^'mbol  in  the  figure), 
all  about  the  same  dry  weight.  The  data  are  plotted  as  weight  inaease  of  each  san  ole,  uimormalized 
by  either  sample  dry  weight  or  surface  area.  Two  smooth  curves  are  drawn  through  the  data  to  illus¬ 
trate  the  saturation.  Either  is  a  reasonable  fit  to  the  data,  and  both  will  be  used  below  to  assess  the 
precision  of  the  analysis.  The  projected  saturation  weights,  after  subtracting  the  amount  of  oil  con¬ 
tained  within  the  capillaries,  are  17.0  mg  and  14.8  mg. 

These  weights  are  used  as  to  normalize  the  data.  The  results  are  shown  in  Rg.  8.  Fig.  8a  gives 
the  normalized  data  for  =  14.8  mg,  and  Figure  8b  gives  the  normalized  Hata  for  =  17.0  mg. 
The  curves  are  the  best  fit  of  Eq.  (3)  to  the  data  in  each  case.  The  initial  few  days  do  not  fit  very  well 
because  during  this  time  the  capillaries  are  filling,  and  the  entire  volume  of  the  sample  is  not  pene¬ 
trated  by  oil.  The  capillary-fill  cjq)acity  has  been  subtracted  from  at  t  =  0.  Actually,  capillary  fill 
and  diffusion  are  occurring  simultaneously  over  the  first  few  weeks. 


TIME,  mai 

Figure  7.  Coray  100  absorption  into  Westingbouse  97  cotton-phenolic.  The  dif¬ 
ferent  symbols  correspond  to  different  test  samples.  Curves  are  extrapolations  to 
determine  amount  of  oil  in  samples  at  saturation.  Both  curves  fit  data  equally  well. 
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Figure  8.  Long-tenn  diffusion  of  Cory  100  into  Westingbouse  97  cotton- 
pbenolic.  Tbe  different  symbols  conespond  to  different  test  samples.  Curves 
are  best  m  to  the  data,  (a)  Saturation  oil  weight  of  14.8  mg  in  tbe  samples,  (b) 
Saturation  oil  weight  of  17.0  mg  in  the  samples. 


22 


For  Msat  =  mg,  DIf- is  4.2  x  lO""^  min'^.  For  Mg^t  =  17.0  mg,  D/  is  3.1x  lO'^  miir*.  The  cal¬ 
culated  values  of  not  extremely  sensitive  to  the  chosen  value .  Msat»  so  large  errors  will 

not  be  introduced  into  Yilfi  when  analyzing  other  experiments  in  which  ^s  accurate  jM'edictions  of 
Mgjt  are  possible  because  the  experiments  have  not  run  as  long.  The  difi  on-fill  capacity  is  calcu¬ 
lated  from  Mgat.  the  oil  density,  and  the  volume  of  the  sample,  and  is  2.7  ‘/  ^v  for  Coray  100  and 
Westinghouse  97.  The  results  are  reported  in  Table  3. 

For  Nye  176H  absorption  into  Westinghouse  97  cotton-phenolic  (two  sample.  Mg^t  was  predicted 
to  be  6  mg  (quite  difrerent  from  the  example  treated  above  because  the  sample  s  es  are  different; 
refer  to  Table  3),  and  the  best  fit  to  the  data  is  for  =  6  x  10*^  min'^.  For  Coiav  100  absorption 
into  Spaulding  FBEFW  (four  samples)  and  Nye  176H  absorption  into  Spaulding  FBEFW  (four  sam¬ 
ples),  Mgat,  D/^2  and  the  diflusion-fill  capacity  are  given  in  Table  3. 

2.  Diffusion  Coefficient 

The  values  of  D/^2  obtained  from  these  experiments  are  the  same  for  all  of  the  oils  and  all  of  the  cot- 
ton-phenolic  materials,  4  to  6  x  10'7  min**.  The  diffusion-fill  capacities  are  also  about  the  same,  2  to 
3  %  v/v.  Differences  in  absorption  kinetics  discerned  in  our  study  of  the  first  c^illary-fill  step  were 
ascribed  to  the  effects  of  cloth  weave  and  viscosity  of  the  oil.  We  do  not  see  any  such  effects  in  the 
second  step  of  the  oil  absorption  process  within  the  accuracy  of  the  experiments. 

In  order  to  obtain  a  value  for  D,  we  must  know  t.  If  the  solid  material  were  homogeneous,  and  diffusion 
were  only  taking  place  through  the  external  surfaces,  the  choice  of  (  would  be  simple:  half  the  width  of 
the  cample.  For  the  samples  used  in  this  experiment,  that  would  be  0.25  cm  (half  of  the  average  of  Cj 
and  C2,  as  defined  in  Fig.  1).  Then  D  could  be  calculated  to  be  3  x  lO*!®  cmVs.  This  is  an  unreasonable 
result;  it  is  much  too  fast.  For  comparison,  the  diffusion  coefficient  for  chloroform,  a  smaller  molecule 
than  the  oils  used  in  these  experiments,  in  polystyrene  at  room  temperature^  is  2  x  10*^2  cm^/s.  The 
diffusion  coefficient  for  l,34-tris(3,5-di  tert-butyl-4-hydroxybenzyl)mesitylene,  a  much  bulkier 
molecule  than  the  oils,  in  sheets  of  isotactic  polypropylene  at  room  temperature'*  is  1  x  10  *^  cm^/s.  We 
would  expect  D  for  oils  in  cotton-phenolic  to  be  in  the  range  of  1  x  10-*2  to  lO'*^  cm^/s. 

This  calculation  results  in  an  unrealistic  value  for  D  because  cotton-phenolic  is  not  a  homogeneous 
material,  and  diffusion  of  oil  is  taking  place  through  internal  surfaces  as  well  as  external  surfaces. 

The  first  step  of  oil  absorption  is  filling  of  capillaries  and  voids  associated  with  the  cotton  threads. 

Table  3.  Oil  Diffusion  into  Phenolic  Resin 


Sample  Volume 
(cm^) 

Msat 

D/^2 

(min'*) 

Diffusion  Fill  Capacity 
(%  v/v) 

Westinghouse  97 

Coray  100 

0.60 

14.8 

4x  10’^ 

2.7 

Nye  176H 

0.36 

6.0 

6x10-7 

2.0 

Spaulding  FBEFW 

Coray  100 

0.64 

14.1 

5x10-7 

2.4 

Nye  176H 

0.37 

6.2 

4  X  10-7 

2.0 
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Oil  then  diffuses  out  into  the  bulk  i^ienolic  lesin  from  each  of  die  capillaries  and  voids.  The  distance 
over  which  diffusio  'S  taking  [dace  is  die  distance  between  the  capillaries,  not  just  the  distance 
between  the  edges  of  the  samples. 


The  distance  between  the  capillaries  can  be  ap[KDximated  by  the  distance  between  cotton  threads, 
since  the  capillaries  are  associated  with  the  threads.  For  Westinghouse  97,  this  distance  is  0.048  cm, 
and  for  Spaulding  FBEFW  (with  a  tighter  weave),  diis  distance  is  0.036  cm.  We  can  reasonably 
assume  then  an  ^  of  0.02  cm  for  both  materials.  This  leads  to  a  diffusion  coefficient  of  3  x  lO-^^ 
cm^/s  for  these  oils  into  phenolic  resia  This  value  is  reasonable  compared  with  the  literature  values 
for  diffusion  of  organic  molecules  into  polymos,  as  quoted  above. 
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IV.  CONCXUSIONS 


The  absorption  of  five  nonpolar  liquids  with  different  [Aysical  properties  ii.  cotton-j^nolic  ball¬ 
bearing  retainer  material  has  been  measured.  We  [Kopose  a  two-stqp  mectuu  m  for  the  oil  absorp¬ 
tion  process.  The  oils  (and  hqitane)  are  initially  absorbed  into  unconnected  c.  illaries  in  the  threads 
of  tte  cotton  cloth;  the  physical  {x-operties  of  the  fluid  (density,  viscosity,  etc.) .  ri  the  weave  of  the 
cloth  (number  of  ctqrillaries  per  unit  surface  area)  d^ermine  the  c^illary-fill  rate  The  chemical 
composition  of  the  liquids  used  in  these  experiments  does  not  affect  the  ix^ocess,  p.  ^bably  because  the 
molecules  are  all  nonpolar  and  have  no  specific  chemical  interactions  with  either  the  cotton  threads  or 
the  phenolic  resin.  The  amount  of  oil  that  can  be  stored  in  this  step  is  different  for  cotton-phenolic 
fi'om  different  manufacturers,  and  we  speculate  that  fitis  may  be  correlated  with  bubbles  within  the 
material  due  to  different  cure  states. 

The  long-term  absorption  of  oil  into  cotton-phenolic  matmal  can  be  modeled  as  difiiision  of  oil  from 
capillaries  and  voids  associated  with  the  cotton  threads  into  the  bulk  i^enolic  resin.  The  saturation 
amount  of  oil  in  the  resin  is  about  2  to  3  %  v/v.  The  diffusion  coefficient  calculated  using  this  model 
is  3  X  lO'*^  cm^/s,  which  is  reasonable  when  compared  with  available  literature  data  on  large  and 
small  molecules  diffusing  into  polymers.  If  one  assumes  that  oil  only  penetrates  from  the  outer  sur¬ 
face  of  the  samples,  the  calculated  diffusion  coefficient  is  unreasonably  fast. 

Several  results  from  this  work  have  direct  implications  for  the  use  of  cotton-phenolic  retainers  in  oil- 
lubricated  ball  bearings.  Rrst,  retainers  must  be  dry  before  immersion  in  oil,  or  very  little  oil  will  be 
absorbed.  Second,  changing  the  cloth  weave  will  not  have  any  great  effect  on  the  amount  of  oil 
stored  in  a  retainer.  (Changing  the  manufacturar  or  the  required  density  of  the  phenolic  might  affect 
the  stored  oil  amount)  Third,  oils  of  different  viscosities  will  absorb  at  different  rates,  which  can  be 
calculated  from  the  model.  It  is  probable  that  soaking  a  retainer  in  oil  for  only  a  few  hours,  as  is 
sometimes  done  in  industry,  results  in  an  incompletely  filled  retainer.  Such  a  retainer  may  then  con¬ 
tinue  to  absorb  oil  from  its  bearing  during  storage,  resulting  in  less  than  optimal  performance. 

Saturation  of  the  material  with  oil  occurs  only  after  about  two  years  of  storage  in  a  room  temperature 
oil  bath.  If  this  diffusion  takes  place  in  a  stored,  lubricated  bearing  it  may  affect  the  availability  of  oil 
during  lata*  bearing  use.  For  a  lightly  lubricated  bearing  where  a  thin  oil  film  is  in  contact  with  the 
retainer,  creep  of  the  oil  and  absorption  into  the  retainer  over  long  storage  times  could  constitute  a 
serious  oil-depletion  mechanism. 
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TECHNOLOGY  OPERATIONS 


The  Aerospace  CoqMradon  functions  as  an  "axcbitect-oigineer”  for  national  security 
programs,  q)ecializing  in  advanced  military  space  systems.  The  Corporation's  Technology 
Operations  supports  the  effective  and  timely  development  and  operadm  of  natitmal  security 
systems  through  scientific  research  and  the  a^Jlication  of  advan^  technology.  Vital  to  the 
success  of  the  Coqxxation  is  the  technical  stiffs  wide-ranging  expertise  and  its  ability  to  stay 
abieast  of  new  technological  develqsnents  and  prxjgram  support  issues  associated  with  rsQiidly 
evolving  space  systems.  Contributing  capabilities  are  provid^  by  these  individual  Technology 
Centers: 

Electronics  Technology  Center:  Microelectronics,  solid-state  device  physics, 

VLSI  reliability,  compound  semiconductors,  radiatitm  hardening,  data  storage 
technologies,  infrared  detector  devices  and  testing;  electro-qptics,  quannim  electronics, 
solid-state  lasers,  r^cal  propagation  and  communications;  cw  and  pulsed  chemical 
laser  development,  optical  resonators,  beam  control,  atmospheric  propagatirm,  and 
laser  effects  and  countermeasures;  atomic  frequency  standardis,  applied  laser 
spectrosct^y,  laser  chemistry,  laser  optoelectronics,  pha^  conjugation  a^  coherent 
imaging,  solar  cell  physics,  battery  electrochestistry,  battery  testing  and  evaluation. 

Mechanics  and  Materials  Technology  Center:  Evaluadmi  and  characterization 
of  new  materials:  metals,  alloys,  ceramics,  polymers  and  their  composites,  and  new 
forms  of  carbon;  development  and  analysis  of  thin  films  and  deposition  techniques; 
nondestructive  evaluation,  component  failure  analysis  and  reliability;  fracture 
mechanics  and  stress  corrosion;  development  and  evaluation  of  hardened  components; 
analysis  and  evaluation  of  materials  at  cryogenic  and  elevated  temperatures;  launch 
vehicle  and  reentry  fluid  mechanics,  heat  transfer  and  flight  dynamics;  chemical  and 
electric  propulsion;  iq>acecraft  structural  mechanics,  spacecraft  survivability  and 
vulnerability  assessment;  contamination,  thermal  and  structural  control;  high 
temperature  thermomechanics,  gas  kinetics  and  radiation;  lubrication  and  surface 
phenomena. 

Space  and  Environment  Technology  Center:  Magnetospheric,  auroral  and 
cosmic  ray  physics,  wave-particle  interactions,  magnetospheric  plasma  waves; 
atmospheric  and  ionospheric  physics,  density  and  composition  of  the  upper 
atmosphere,  remote  sensing  using  atmospheric  radiation;  solar  physics,  infrared 
astronomy,  infrared  signature  analysis;  effects  of  solar  activity,  magnetic  storms  and 
nuclear  explosions  on  the  earth's  atmosphere,  ionosphere  and  magnetosphere;  effects 
of  electronoagnetic  and  particulate  ladiatkHis  on  space  systems;  space  instrumentation; 
propellant  chemistry,  chemical  dynamics,  environmental  chemistry,  trace  detection; 
atmospheric  chemical  reactions,  atmospheric  cities,  light  scattering,  state-specific 
chemical  reactions  and  radiative  signatu^  of  mi^e  plumes,  and  sensor  out-of-fiekl- 
of-view  rqection. 


